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INFLUENCE OF ROS OM RAT AORTA 

Reactive oxygen species (ROS) are known to play 
an important role in the aetiology and patho
physiology of a variety of disease states that can 
have direct or indirect cardiovascular implications. 
In the vasculature, ROS are constitutively produced 
(Rosen and Freeman, 1984; Katusic and Vanhoutte, 
1989; Brandes and Mügge, 1996) and inactivated 
under physiological conditions by local antioxidant 
systems like superoxide dismutase. Under certain 
pathological conditions, however, the production of 
ROS may exceed the cellular antioxidant capacity 
and thus lead to cellular damage. ROS are 
vasoactive compounds, and the contractile effects 
of ROS on the vasculature have been investigated 
in a variety of models, however, heterogenic results 
have been obtained. For instance, ROS induce 
vasoconstriction in bovine pulmonary arteries 
(Cherry et al., 1990) and canine basilar arteries 
(Katusic et al., 1993), but vasodilation in feline pial 
arterioles (Kontos et al., 1984) and canine coronary 
arteries (Vanhoutte and Rubanyi, 1985). 
Several studies have demonstrated that arachidonic 
acid metabolites are involved in ROS-mediated 
contractile effects (Chakraborti et al., 1989; 
Katusic et al, 1993). Furthermore, ROS may 
activate mitogen-activated protein kinases 
(MAPKXGuyto et al., 1996). Since ERK MAPK can 
activate phospholipase A2 (Lin et al., 1993), it is 
conceivable that ERK is involved in the ROS-

mediated contractile effects in the vasculature. 
Besides the vasoactive actions of ROS on the 
vasculature, ROS are known to induce cellular 
damage which may result in a sustained alteration 
of functional responses to various stimuli (i.e. 
functional integrity). The present study was 
performed to investigate the mechanism of the 
vasoactive actions of ROS and the influence of ROS 
exposure on the functional integrity of rat isolated 
aortae. The latter was investigated by measuring 
the receptor- and non-receptor-mediated 
vasoconstriction and the endothelium dependent-
and endothelium-independent vasorelaxation before 
and after ROS exposure. 

Materials and methods 

Thoracic aorta preparation 
Male Wistar rats (Iffa Credo, Les Oncins, France) 
weighing 240-300 g received heparin (1000 I.U., 
I.R) and were subsequently sacrificed by stunning 
and decapitation. The thoracic aorta was carefully 
excised and placed in an oxygenated Tyrode's 
solution at room temperature. The vessel was 
cleaned of superficial fat and loose connective 
tissue, care being taken not to stretch the vessel or 
to damage the endothelium. In experiments with 
endothelium denuded aortae, the endothelium was 
removed by insertion of a cotton moistened with 
Tyrode's solution into the lumen of the vessel. The 
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aortic ring was cut in segments of approximately 5 
mm long and mounted between two triangular 
stainless steel hooks in water-jacketed (37°C) 
organ baths of 5 ml capacity, containing a Tyrode's 
solution of the following composition (mM): NaCI 
136; KCl 2.5; MgCI2 0.5; CaCI2 1.8; NaH2P04 0.42 
and NaHCOj 11.9. The medium was continuously 
gassed with a mixture of 95% 0 2 and 5% C 0 2 (pH 
7.4). The isometric tension was recorded on a 
MacLab/8e data acquisition system 
(ADInstruments, Australia) via isometric force 
transducers. The resting tension was adjusted to 10 
nnN throughout, and the aortae were allowed to 
equilibrate for at least 60 min. At 30 min. intervals 
the medium was exchanged against fresh buffer. 
After the equilibration period, the aortae were 
exposed thrice to a depolarizing 40 mM K+-solution 
for 5 min. with 15 min. intervals. Endothelium 
integrity was assessed by precontracting the aortae 
with 1 u,M phenylephrine and a subsequent 
relaxation with 10 |iM methacholine. 

Electrolysis procedure 
30 min. after equilibration and priming procedures, 
ROS were generated by means of electrolysis of the 
organ bath medium. A constant current of 30 mA 
was applied for 0.5, 1, 2 or 3 min. by means of two 
circular platinum wire electrodes (each 0.75 cm in 
length) located at the bottom of the organ baths (0 
1.4 cm). Inotropic drugs were added to the medium 
60 min. after the end of the electrolysis period. The 

medium was refreshed with 20 min. intervals. 
Inhibitory drugs were added 30 to 45 min. prior to 
the electrolysis procedure. 

Determination of the functional integrity 
Receptor (methoxamine, 300 nM - 300 |iM) and 
non-receptor-mediated contractile responses (high 
potassium solution, 40 mM) and endothelium-
dependent (methacholine, 100 u.M) and 
endothelium-independent (sodium nitroprusside, 10 
U.M) vasorelaxation were investigated before and 60 
min. after ROS exposure. Vasorelaxation was 
measured in aortae precontracted with 
methoxamine (300 |aM) or phenylephrine (10 u.M). 

Antioxidant capacity assays 
For the determination of hydroxyl radical scavenging 
capacity of the drugs used, terephtalic acid (TPA) 
(para-carboxy benzoate) was used as a hydroxyl 
radical specific fluorescent probe. Terephthalic acid 
(non-fluorescent) can be hydroxylated by hydroxyl 
radicals to yield a fluorescent product 
(monohydroxyterephthalate) (Barreto et al. 1995), 
which can be determined quantitatively. TPA (10 
mM) was dissolved in the normal buffer solution (pH 
7.5) and a constant current of 30 mA was applied 
for periods of 75 seconds in the presence or 
absence of the drug tested. DMSO (100 mM) was 
used as a positive control. The fluorescense was 
measured with a Shimadzu RF-5001 PC 
spectrofluorometer (excitation 312 nm, emission 
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426 nm). The superoxide anion scavenging capacity 
of the drugs used in this study was tested in a 
cytochome C reduction assay. Dihydroxy fumarate 
(DHF, 5 mtvl) was added to a cuvette containing 3 
ml of a cytochrome C solution (1 mg/ml), and the 
reduction of cytochrome C was assessed in time 
(30 min.) spectrophotometrically (550 nm) with a 
Zeiss UV/Vis 210 spectrophotometer. Superoxide 
dismutase was used as a positive control. 

Statistics 
Student's r-test (unpaired, two tailed) and ANOVA 
were used. P values <0.05 were considered 
statistically significant. 

Chemicals 
Esculetin (6,7 dihydroxycoumarine), meclofenamate 
sodium, oleyloxyethyl phosphorylcholine (OPC) and 
dihydroxy fumaric acid were obtained from ICN 
Biomedicals (Zoetermeer, the Netherlands). 
Methoxamine hydrochloride, L-phenylephrine, 
(acetyl-ß) methacholine and terephthalic acid were 
purchased from Sigma Chemical (St. Louis, MO, 
USA) and sodium nitroprusside from Merck 
(Darmstadt, Germany). PD98059 (2'-amino-3'-
methoxyflavone), SB203580 ([4-(4-fluorophenyl)-2-
(4-methylsulfinyl)]-5-(4-pyridyl)1 H-imidazole) and 
arachidonyl trifluoromethylketone (AACOCF3) were 
obtained from Alexis Corp. (Nottingham, UK) and 
SQ29548 from Biomol Res. Lab. Inc. (Plymouth 
Meeting, PA, USA). Esculetin, SQ29548, OPC and 

AACOCF3 were dissolved in ethanol and their 
effects were compared to 0.2% ethanol. PD98059 
and SB203580 were dissolved in DMSO and their 
effects were compared with 0.1% DMSO. 

ROS-mediated contractions 
Electrolysis (30 mA) induced transient contractions 
which reached maximal values 10-15 min. after the 
electrolysis procedure and subsequently returned to 
basal values after approximately 60 min. (figure 1). 
The maximal contractile effect was dependent on 
the duration of the electrolysis period (1.18 ± 0.11 
mN, 2.72 ± 0.51 mN, 3.70 ± 0.39 mN and 4.72± 
0.36 mN (n = 6) for 0.5, 1, 2 and 3 min. 
respectively). ROS-induced vasoconstriction was 
significantly smaller in endothelium denuded 
preparations (3 min., 30 mA, 2.52 ± 0.24 mN, n = 6, 
P<0.05)(not shown). 
Pretreatment of the aortic rings with 10 u.M of the 
dual cyclooxygenase /lipoxygenase inhibitor 
meclofenamate completely prevented the 
electrolysis (30 mA, 3 min.) -induced contractions 
(n = 6, P<0.05). Both the cyclooxygenase inhibitor 
indomethacin (10 u.M) and the lipoxygenase 
inhibitor esculetin (dihydroxycoumarine)d 0 U.M) 
partially inhibited the ROS-mediated contraction 
(1.08 ± 0.13 mN and 3.31 ± 0.53 mN for 
indomethacin and esculetin, respectively vs 5.99 ± 
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P re t rea tment of the aor t ic r ings w i t h the 

th romboxane A 2 an tagon is t S Q 2 9 5 4 8 (5 u.M) 

reduced the ROS-med ia ted con t rac t ions 

signif icantly by approximately 23 % (4.58 ± 0.24 

mN compared to vehicle (ethanol 0.2%) 5.95 ± 0.49 

m N , n = 9 , P < 0 . 0 5 ) . The phospholipase A2 (PLA2) 

inhibitor oleylethoxyethyl phosphorylchol ine (OPC, 

50 U.M), a t tenuated the contract ions by 70% (1.85 

± 0.25 m N , n = 4 , P < 0 . 0 5 ) , whereas the cPLA2 

inh ib i tor arach idony l t r i f l uo romethy l ke tone 

(AACOCF3) proved ineffect ive (see f igure 2, right 

panel). 

The possible involvement of ERK a n d / o r p38 M A P K 

in the ROS-med ia ted vasocons t r i c t ion was 

invest igated by using the specific M A P K kinase 

inhibitor PD98059 and the specif ic p38 inhibitor 

SB203580. PD98059 (1 mM) substantial ly inhibited 

the electrolysis (30 rriA, 3 min.)- induced aortic 

contract ion by approximately 50% when compared 

to its vehicle 0 . 1 % D M S O ( n = 6 , P<0 .05 ) . The p38 

inhibi tor SB203580 (2 | iM) had no signif icant 

influence on this vasoconstr ic tor ef fect (see f igure 

3). 

Scavenging properties 

None of the above mentioned inhibitory drugs 

showed any s igni f icant hydroxyl radical or 

superox ide anion scavenging e f fec t , in the 

terephthal ic acid or cytochrome C assay (data not 

shown). 

Inluence of ROS exposure on functional responses 

In control preparat ions, the a, -adrenoceptor agonist 

methoxamine induced concen t ra t ion -dependen t 

< Figure 1  

ROS-induced vasoconstriction in 

isolated ra t thoracic aorta. ROS 

were generated by electrolysis ( 3 0 

mA) of the organ bath fluid for the 

indicated t imes a t the beginning 

of the experiment ( t = 0) . Right 

panel shows the maximal R0S-

induced rise in conractile force and 

trie influence of the hydroxyl 

radical scavenger dimethyl 

sulfoxide {0.6%) (3 min. 

electrolysis). n=6, * P<0.05 

compared to 3 min. electrolysis. 
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Figure 2 • 

A) influence of the Cyclooxigenase 
or lipoxygenase inhibitors esculetin 
(esc, 10 uM), indomethacine (indo, 
10 uM) and meclofenamate (meclo, 

10 uM), respectively, on the ROS 
(electrolysis 30 m A, 3 min.)-

induced vasoconstriction. 
B) influence of the TXA2 

antagonist SQ2954Ö (50 uM) 
and the PLA2 inhibitors 

oleyloxyethyl phosphorylcholine 
(OPC, 50 uM) and arachidonyl 
trifluoromethylketone (50 uM, 

AAC0CF5). n=4-9, *f<0.05 
compared to vehicle 

(ethanol, 0.2%). 

Figure 5 •• 

Influence of the MAPK kinase 
inhibitor PD9Ö059 (1mM) and the 

p38> inhibitor 5B2035Ö0 (2 uM) 
on the ROS (electrolysis 30 m A, 3 

min.)-induced vasoconstriction. 
n=6, *P<0.05 compared to vehicle 

(DMSO 0.1%). 

T 

T 

indo. 
+ esc. 

7.67 0.71 contractions (pD2 5.21 ± 0.17, 
mN)(figure 4, left panel). In aortic rings subjected to 
electrolysis a small (not significant) leftward shift of 
the methoxamine concentration response curve was 
seen (pD2 0.5 min: 5.50 ± 0.11, 1 min: 6.03 ± 0.48, 
2 min: 6.10 ± 0.64 and 3 min: 6.07 ± 0.86). Longer 
electrolysis periods of 2 and 3 min., additionally 
lowered the maximal contractile effect of 
methoxamine to 4.1 ± 0.43 rtiN (3 min.)(n=6, 
P<0.05)(figure 4, left panel). Endothelium denuded 
preparations were more sensitive to methoxamine, 
as characterized by a leftward shift of the 
concentration response curve (pD2 5.75 ± 0.12, 
n=6, P<0.05) and higher Emax (10.44 ± 0.44 mN, 
n=6, P<0.05), when compared to endothelium 
intact preparations (not shown). In these 
endothelium denuded preparations ROS exposure 

B 

had no significant influence on the pD2 value, but 
lowered the maximal contractile responses (Emax 1 
min: 7.31 ± 0.36, 3 min: 2.41 ± 0.24 mN, n = 6, 
P<0.05) more clearly than in endothelium intact 
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CHAPTER 7 
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preparations (not shown). Methacholine (100 |iM)-
induced endothelium-dependent relaxation of 
methoxamine precontracted preparations, were 
almost completely diminished in aortae exposed to 
ROS, independent of the duration of electrolysis 
(n = 4, P<0.05)(see figure 4 right panel). In 
contrast, the endothelium-independent relaxation to 
10 M.M sodium nitroprusside proved largely intact 
(data not shown). The shorter electrolysis periods 
of 0.5 and 1 min. did not influence the 40 mM KCI-
induced contractions. However, electrolysis periods 
of 2 and 3 min. significantly reduced the contractile 
responses to KCl (95.35 ± 1.42, 70.03 ± 2.34 and 
40.88 ± 1.47% for control, 2 min. and 3 min. 
electrolysis, respectively, (expressed as % of the 3rd 

KCI-induced contraction before ROS 
exposure)(n = 4, P<0.05, figure 4 right panel). 

• control 

• OS min 

a 1 min 

3 2 min 

a 3 min 

methacholine potassium chloride 

ROS are assumed to play an important role in 
various pathological conditions by initiating lipid 
peroxidation and modification of important cellular 
proteins, thus leading to tissue damage. In addition, 
several studies have shown that ROS are 
vasoactive compounds, which could induce further 
tissue damage. However, divergent results have 
been obtained with respect to the response of the 
vasculature to ROS, most likely as a result of 
differences in vessel type, animal species and 
reactive oxygen species. Consequently, vasodilation 
(Thomas and Ramwell, 1986; Rimele et al., 1987; 
Burke and Wolin, 1987; Wu et al., 1994; Wei et al., 
1996) and vasoconstriction (Fate et al., 1984; 
Heinle, 1984; Katusic and Vanhoutte, 1989; Liu et 

< Figure 4  

Left panel; Concentration 
response curves for methoxamine 
in control and ROS-exposed aorta. 
ROS were generated by 
electrolysis (30 mA) of the organ 
bath fluid for the indicated times 
at the beginning of the experiment. 
(n=6). Right panel: Methacholine 
(100 uM)-induced vasorelaxation 
of methoxamine precontracted 
aorta and KCl (40 mM) induced 
vasoconstriction (expressed as % 
of the 3rd KCI-induced contraction 
before ROS exposure) in control 
and ROS-exposed aortae. ROS 
were generated by electrolysis (30 
mA) of the organ bath fluid for the 
indicated times at the beginning 
of the experiment. n=3-4, *P<0.05 
compared to control. 
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al., 1996) have been reported to occur. In the 
present study, ROS were generated by means of 
electrolysis of the medium, which is known to 
produce various ROS (Peters et al., 1997). This 
system has the advantage that ROS are generated 
without the use of enzymes and/or drugs that 
themselves could influence the experiments. 
Furthermore, the short ROS exposure time (0.5 to 3 
min.) allows the measurement of responses to 
various drugs, without the continuous inactivation of 
nitric oxide, or the possible oxidation of drugs by 
ROS. 
The present experiments clearly demonstrate that 
ROS induce vasoconstriction in isolated rat aortae. 
The electrolysis-generated hydroxyl radical is most 
likely the major mediator of this vasoconstriction 
because the constrictor responses were strongly 
inhibited by the hydroxyl radical scavenger dimethyl 
sulfoxide. The exact mechanism by which ROS exert 
their vasoactive actions is still unknown. Tate et al. 
(1984) and others (Chakraborti et al., 1989; Katusic 
et al., 1993) have shown that the constrictor effects 
of ROS are cyclooxygenase-dependent. Indeed, in 
the present study the cyclooxygenase inhibitor 
indomethacine was able to attenuate the ROS-
mediated vasoconstriction in isolated rat aortae, 
and the dual cyclooxygenase/lipoxygenase inhibitor 
meclofenamate almost completely prevented 
vasoconstriction in these preparations. These 
findings as well as the fact that the lipoxygenase 
inhibitor esculetin partially blocked the constriction 

indicates an additional contractile role for 
lipoxygenase products. Recently, isoprostanes and 
isoleukotrienes were identified as potent 
vasoconstrictor eicosanoids generated 
independently of cyclooxygenase or lipoxygenase 
(Morrow et al., 1990 and 1994). Isoprostanes and 
isoleukotrienes are formed by free radical attacks 
on arachidonate which resides in phospholipids, and 
are liberated by lipase activity. Iso-eicosanoids 
resemble enzymatically produced eicosanoids in 
both structure and biological activity, acting via the 
same receptors. Hoffman and coworkers (1997) 
have demonstrated that isoprostanes exert their 
constrictor activity via the thromboxane 
A2/prostaglandin H2 receptor since these responses 
can be blocked by the thromboxane A2 receptor 
antagonist SQ29548. However, in the present study 
S029548 blocked the ROS-induced 
vasoconstriction only marginally, suggesting that 
isoprostanes are not involved in the ROS induced 
vasoconstriction. 
A possible mechanism involved in the activation of 
the PLA2/cyclooxygenase-lipoxygenase pathway 
concerns the activation of mitogen-activated 
protein kinases (MAPK) since cytosolic PLA2 is one 
of the endogenous substrates of ERK MAPK (Lin et 
al., 1993). MAPK are dual serine/threonine kinases 
that are activated upon growthfactor or cytokine 
stimulation and stress (UV-light, heat, shear-stress) 
exposure. Recent studies have shown that ROS can 
activate different distinct isoforms of MAPK (ERK, 
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JNK and p38) under pathological conditions such as 
ischemia/reperfusion (Bendinelli et al., 1996) or 
oxidant exposure (Guyton et al., 1996; Tournier et 
al., 1997). In the present study the specific MAPK 
kinase inhibitor PD98059 (Dudley et al., 1995) 
blocked the ROS induced contractions by more than 
50%, which indicates that a MAPK (ERK)-mediated 
contractile mechanism indeed plays a role in this 
experimental setup. The specific p38 inhibitor 
SB203580, proved ineffective in this respect. It has 
been shown (Watts, 1996; Peters et al., 1998) that 
PD98059, even at high concentrations up to 1 mM, 
is a specific inhibitor of the ERK MAPK. The PLA2 

inhibitor oleyloxyethylphosphoryl choline (OPC), 
significantly and substantially (70%) blocked the 
ROS-induced vasoconstriction, whereas the 
specific cytosolic PLA2 inhibitor arachidonyl 
trifluoromethylketone (AACOCF3) proved 
ineffective in this respect. These findings provide 
evidence that the PLA2/AA activation is not MAPK-
mediated. Furthermore, because meclofenamate 
almost completely blocked ROS-induced 
vasoconstriction it is likely that ERK-activation is 
secondary to cyclooxygenase and/or lipoxygenase 
activity. This finding is in accordance with data 
reported by Rao et al. (1994) and Tournier et al. 
(1997) indicating that activation of ERK by ROS is 
secondary to PLA2 activation. A possible alternative 
mechanism by which ERK MAPK mediates 
vasoconstriction is the phosphorylation and 
inhibition of h-caldesmon, a potent inhibitor of the 

actomyosine ATPase activity (Adam et al., 1995). 
The effects of ROS on the functional integrity of the 
aortae, was investigated in particular with respect 
to receptor (a,-adrenoceptor) and non receptor-
mediated contractile responses (high potassium 
solution). In addition, the endothelium dependent 
(methacholine) and endothelium independent 
(sodium nitroprusside) vasorelaxation were 
investigated before and after ROS exposure. 
Contractile responses to a,-adrenoceptor 
stimulation proved substantially impaired in aorta 
preparations subjected to longer periods of 
electrolysis. In preparations with intact 
endothelium, exposed up to 1 min. electrolysis, a 
small leftward shift (although not significant) of the 
concentration response curve for methoxamine was 
observed. Longer electrolysis periods of 2 or 3 min. 
attenuated the maximal responses to methoxamine. 
This bi-phasic phenomenon may be due to a ROS-
mediated endothelium dysfunction at shorter 
electrolysis periods (0.5 and 1 min.), and additional 
damage to the smooth muscle cells of the aortae at 
longer electrolysis periods (2 and 3 min.). This is 
supported by the finding that endothelium denuded 
preparations are more sensitive to a,-adrenoceptor 
agonists. In addition, the endothelium-dependent 
vasorelaxation to methacholine was impaired in all 
preparations exposed to ROS (independent of 
electrolysis duration), whereas almost complete 
relaxation was seen to sodium nitroprusside in 
these preparations. In contrast, KCI-induced 
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vasoconstriction was attenuated only in 
preparations exposed to ROS for 2 or 3 min. 
Taken together we conclude that electrolysis-
generated ROS induce vasoconstriction via the 
activation of the PLA2/AA pathway in isolated rat 
thoracic aortae. Besides cyclooxygenase, 
lipoxygenase products may also contribute to the 
ROS-induced vasoconstriction. Although ERK 

MAPK is involved in the ROS-induced contraction, 
the process of contraction is not the result of an 
ERK-mediated cPLA2 activation. ROS appear to 
deteriorate the functional integrity of the 
vasculature characterized by endothelial 
dysfunction and, upon longer ROS-exposure times, 
an additional smooth muscle damage and hence a 
decreased contractility. 
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